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(54) Dispersion free optical filters 

(57) The tittering of optical signals, and in particular 
the interleaving/de-interleaving of optical signals is be- 
coming a necessary step in Dense-Wavelength Division 
Multiplexing (D-WDM), because of a requirement for 
smaller channel spacing due to higher levels of traffic. 
Finite Impulse Response (FIR) filters, including lattice 
and birefringent waveplate versions, are a particular 
type of optical filter used for interieavering/de-inteneav- 
ering optical channels, which can be defined by their 
transfer function H(f). To ensure dispersion free filtering, 
the present invention provides a cascaded optical filter, 
comprising two optical filters, wherein the transfer func- 
tion of the second filter is the complex conjugate of the 
first filter, i.e. HsffHVff), or the complex conjugate of 



the first filter H.,*(f) multiplied by the transfer function of 
a dispersion free optical filter G(f). In the waveplate ver- 
sion, the relationship between the crystal angle of the 
waveplates and the polarization of the input light is ma- 
nipulated to ensure that the second filtering step elimi- 
nates the dispersion caused by the first. Since the po- 
larization of the light can be altered between the first and 
second filters, birefringent filters can be conceived using 
a single stack of waveplates that are passed through 
twice. In lattice filters, a symmetric pulse response is an 
indication that the cascaded filter is dispersion free. In 
this case, the second filter is the inverse of the first filter, 
which individually would give the opposite pulse re- 
sponses, but together provide a symmetric pulse re- 
sponse. 
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Description 

FIELD OF THE INVENTION 

5 [0001] The present Invention relates to optical filters, and in particular to dispersion-free optical filters for use as 
interteavers. 

BACKGROUND OF THE INVENTION 

io [0002] In dense wavelength division multiplexing (DWDM) optical telecommunications systems, it is advantageous 
to provide a very narrow width optical filter, which isolates individual transmission channels without distorting the in- 
formation being transmitted. Accordingly, the optical filter must have a flat-top intensity response and no chromatic 
dispersion in the pass band. These two conditions guarantee that the f ilter will not distort the signal either in intensity 
or in phase. 

is [0003] The first condition, i.e. flat-top intensity response, is well known and has been achieved through various 
technologies, such as thin film filters, fiber Bragg gratings, coupled resonant cavities, and lattice filters. However, the 
second condition, i.e. no chromatic dispersion, (or equivalent^ having a linear phase response in the pass band) is 
harder to achieve for optical filters, especially when combined with the flat-top requirement. Resonant interteavers 
have an inherently high dispersion, and any dispersion compensation, which would only be partial, is very difficult to 

20 achieve, 

[0004] It is an object of the present invention to disclose practical ways of realizing optical filters with substantially 
no chromatic dispersion, apart from the material induced dispersion, regardless of the intensity profile of the optical 
filter. Applications can be envisaged for any type of optical filter, including flat-top filters and interteavers. 

25 SUMMARY OF THE INVENTION 

[0005] Accordingly the present invention relates to a cascaded optical filter defined by transfer function Hjff) com- 
prising: 

30 a first optical filtering means defined by transfer function of H,(f); and 

a second optical filtering means, optically coupled to the first optical filtering means, defined by transfer function 
H2(f); 

wherein the transfer function of the second optical filtering means H^f) complex conjugate of the transfer function 
of the first optical filtering means H^f); 
35 whereby HrffHMQ x H 2 (f) = H A (f) x Hf(1). 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The invention will be described in greater detail with reference to the accompanying drawings, which illustrate 
40 preferred embodiments of the invention, wherein: 

Figure 1 is a schematic top view of a cascaded interleaver optical filter according to the present invention; 
Figure 2 is a schematic side view of the filter of Fig. 1 ; 

Figures 3 and 4 illustrate relative orientations of the two birefringent wave-plates and the optical signal during a 

45 first and a second pass, respectively, utilizing the filter of Figs 1 and 2; 

Figures 5 and 6 illustrate relative orientations of two birefringent wave-plates and an optical signal during a first 
and a second pass, respectively, utilizing a filter according to another embodiment of the present invention; 
Figure 7 is a schematic top view of a cascaded interleaver optical filter according to another embodiment of the 
present invention, in which an optical signal is double passed through a single birefringent stack; 

so Figure 8 is a schematic side view of the filter of Fig. 7; 

Figure 9 is a schematic top view of a cascaded interleaver optical filter according to another embodiment of the 
present invention, in which an optical signal is passed through two different birefringent stacks with different wave- 
plate orientations; 

Figure 1 0 is a schematic side view of the filter of Fig. 9; 
55 Figure 1 1 is a schematic top view of a cascaded interleaver optical filter according to another embodiment of the 

present invention in which the optical signal is reflected back through a single birefringent stack; 
Figure 12 is a schematic side view of th cascaded interleaver optical filter according to Fig. 11 ; 
Figure 13 is a schematic diagram of a dispersion-free lattice-type cascaded optical filter according to another 
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embodiment of the pr sentinv ntion; 

Figure 14 is a schematic diagram of another embodiment of a dispersion free lattice-type cascaded optical fitter 
of Fig. 13; and 

Figure 15 is a schematic diagram of another embodiment of a dispersion free lattice-typ cascaded optical filter 
5 ofFigs.13. 

DETAILED DESCRIPTION 

[0007] In order to realize a dispersion free optical filter, two optical filters having respective frequency transfer func- 
io tions H 1 (0 and H 2 (f) are cascaded, provided that the transfer function of the second filter is the complex conjugate of 

the first filter, i.e. H/(f). Alternatively, to provide a larger degree of flexibility in selecting the second filter, the transfer 

function of the second filter is obtained by multiplying the complex conjugate of the first filter H 1 *(0 by the transfer 

function of a third dispersion free optical filter G(f). This guarantees that the cascaded filter, which has a transfer function 

of Hj{f) = H^f) x H 2 (f) = H^f) x H t *(f) x G(f), is dispersion free. 
is [0008] A particular type of optical filter, for which the above-mentioned condition can be easily obtained, is called 

finite impulse response (FIR) optical filter, also referred to as lattice filters for wave-guide embodiments or Sole filters 

for stacked biref ringent wave-plate embodiments. 

[0009] For this specific type of linear phase filter, the frequency transfer function of the filter can always be described 

as: 

20 

H l( f) = (ao + a, J* + a^** * a*** + ... - a n .e n " J, ) . 

[0010] Where ctj, i=1 to n, are related to physical parameters, e.g. coupling ratios in the lattice filters case or wave- 
plate orientations in Sole filters; and where p is related to a length difference in the lattice filters case or retardation in 
Sole filters. 

[0011] To obtain a dispersion free optical filter, one has simply to cascade one optical filter with a frequency transfer 
function of H^f) with a second optical filter having a frequency transfer function of H 2 (f), which satisfies the condition 
stated above. This is true when, for the above example of H^f): 

H 2 (f) = K ♦ a^JV + ... - a,*™* + ^ 

[0012] In this example, the second optical filter, which has the frequency transfer function H 2 (f), is constructed using 
35 the same physical elements as those used for the first optical filter with the frequency transfer function K,(f); however, 
the orientations of wave-plates are changed in a Sole filter embodiment, or the coupling ratios and exchanging amis 
are changed in a lattice filter case. 

[0013] An example of a dispersion free optical interteaver using a Sole filter will be described, with reference to 
Figures 1 and 2. This specific example cascades a first optical filter, generally indicated at 1 , having frequency transfer 

40 functions of H 1 (f) with a second optical filter, generally indicated at 2, with a frequency transfer function of t-yf). Filter 
1 includes a birefringent stack 3a, while filter 2 includes a biref ringent stack 3b, each birefringent stack being comprised 
of two wave-plates 4 and 5 having thicknesses L and 2L, respectively, e.g. for Ti0 2 , L=5.62mm. The wave-plates 4 
and 5 are oriented at 45° and 1 05°, respectively, with respect to the polarization of the incoming beams of light. The 
thickness L and the orientations of the wave-plates 4 and 5 are chosen to provide a desired FSR, depending on the 

45 birefringence of the wave-plate material. 

[0014] A beam of light, including channels ^ to A^, is launched from fiber 6, through collimating lens 7, into a beam 
splitter 8. The lens 7 is preferably a tt-pitch GRIN lens, and the beam splitter is preferably a walk-off crystal, e.g. T10 2 
or YV0 4 . In the beam splitter 8, the beam is separated into two orthogonally polarized sub-beams 1 1 and 12. The state 
of polarization of one of the sub-beams, sub-beam 1 1 in the illustrated embodiment, is rotated by 90° in half-wave plate 

so 13, so that both sub-beams have the same polarization for entry into the first birefringent stack 3a. In the illustrated 
embodiment both sub-beams 11 and 12 are vertically polarized before entering the first birefringent stack 3a. After 
passing through the first birefringent stack 3a, one set of channels, e.g. the even channels Xg. X 4 , Xe .... remains ver- 
tically polarized, while the other set of channels, e.g. the odd channels X, , X3, 1$ .... become horizontally polarized. A 
second beam splitter 14, e.g. a walk-off crystal or a polarization beam splitter, is used to further sub-divide the sub- 

55 beams 11 and 12 into 11o, 11e, 12o and 12e. Half-wave plate 15 is positioned in the path of sub-beams 11e and 12e 
ensuring that all of th sub-beams 1 1 o, 1 1 e, 1 2o and 1 2e enter the second birefringent stack 3b with the same polar- 
ization as each other and with a polarization orthogonal to sub-beams 11 and 12 as they entered th f irst stack 3a. In 
the illustrated embodiment ail of the sub-beams enter the second stack 3b horizontally polarized. Again, when the even 
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channels in sub-beams 11 e and 12e exit th second birefringent stack 3b, the polarizations thereof remain th same, 
i.e. horizontal. Moreover, when the odd chann is in sub-beams 11o and 12o exit the birefringent stack 3b, the polari- 
zation thereof is rotated by 90°. A half-wave plate 16 is used t rotat the polarization of on ofsub-beams11oor 12o, 
in this case 12o, s that a beam combiner 1 7 can bring the two sub-beams together for outputting the odd chann Is 
5 via focusing lens 18 and fiber 19. Similarly, a half-wav plate 21 rotates the polarization of one of sub-beams 11e r 
1 2e, in this case 1 1 e, so that the beam combiner 1 7 can combine the two sub-beams for outputting the even channels 
via focusing lens 22 and fiber 23 

[0015] The illustrated embodiment is shown in operation with vertically polarized sub-beams 11 and 12 as input; 
however, it would be obvious to adapt the device for any input polarization by rearranging the remainder of the elements 
10 accordingly. 

[0016] To illustrate that the above described cascade filter device is dispersion free, we first define the transfer func- 
tion of the filter 1 as: 

H l( f) = e 3 *'.^ + a, .e' pi + + c^.e 3 "') 

Where, 

P = 2rcLAn/c 
20 y = 2nLn c /c 

An = n e -n 0 (birefringence of the wave-plate material) 

Oq = cos61 COS02.COS03 

a 1 = - sin61 .sin92.cos03 

ct2 = - cos01 .sin82.sin83 
25 ag = - sin61 .cos02.sin93 

Where: 

81 is the angle between the polarization of input sub-beams 1 1 and 1 2 and the crystal axis of the first wave-plate 4; 
30 02 is the angle between that of the first wave-plate 4 and the crystal axis of the second wave-plate 5; and 

03 is the angle between the crystal axis of the second wave-plate 5 and the polarization of the input sub-beams. 

[0017] In the example shown above, 81 = 45 • 62 = 60 °, 03 = -1 05 • 

[0018] Accordingly, in order for the cascaded filters 1 and 2 to be dispersion free, the filter 2 must have a frequency 
35 transfer function Hgff) such that H^f^ H^f)* x G(f) Therefore, according to the aforementioned example: 

H 2 (f) = (03* + 02'.e ,pJ + a 1 \e apf + a 0 \e afU ) x G(f) 

ao [0019] Assuming that the same wave-plate thicknesses are used with different orientations 61 \ 82* and 83', the 
following equations are derived: 

cos81'.cos82\cos63 , = - sin81 .cos82.sin63 (oo = 03) 
sinOV-sir^.cosOS' = cos81 .sin82.sin83 (0^ = 0^) 
45 COS81 \sin82\sin93' = sin61 .sin82.cos83 (02 = cu,) 

sinei'-cosea*. sines* = - COS81 .COS82.COS83 (03'= Oq) 

[0020] A set of angles satisfying these equations are, for example: 

50 81 ' = -45°, 82' = 60°, 63* = -15° 

[0021] In practice, the elements can be positioned in various arrangements to satisfy this requirement. The simplest 
arrangement would be to simply rotate the polarization of the beams entering the second filter by 90° so as to be 
55 orthogonal to when the original beam entered the first filter. Figures 3 and 4 illustrate this example, wherein wave plates 
4a and 5a from the first filter 3a have the same orientations as wave plates 4b and 5b from the second filter 3b, while 
the polarization of the signal, represented by th doubleheaded arrow, is rotated by 90°. This is the arrangement 
disclosed in the above-identified embodiment. This arrangement also provides the possibility of passing the beam 
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through the sam bircfringent stack twice, with a polarization adjustment in between passes, see Figures 7 and 8. 
[0022] The mbodiment illustrated in Figures 7 and 8 is similar to the embodiment illustrated in Figures 1 and 2, 
wherein an input beam is launched into p it 7, divided into sub-beams 1 1 and 1 2 in walk-off crystal 8, directed through 
birefringent elements 4 and 5, and divided into sub-beams 11o, He, 12o and 12e using a polarization beam splitter 

5 114. However, one pair f sub-beams 11 e and 12e is combined using half -wav plat 31 and walk-off crystal 32, and 
transmitted back to the front end of the filter 3 using lenses 33 and 34 and waveguide 35. The other pair of sub-beams 
1 1 o and 1 2o are combined using half-wave plate 1 6 and walk-off crystal 1 7, and transmitted to the front end of filter 3 
using lenses 38 and 39 and waveguide 40. After the sub-beams representing the even and odd channels are again 
divided into pairs of orthogonally polarized sub-beams using walk-off crystal 8, half-wave plate 41 is positioned in the 

io path of one of each pair to ensure that the sub-beams enter the wave plates 4 and 5 for a second pass with a polarization 
orthogonal to the polarization that the sub-beams 11 and 12 had upon entering the wave plates 4 and 5 for the first 
pass. The odd channel sub-beams pass through the birefringent elements 4 and 5 for a second pass, get recombined 
by waveplate 16 and beam combiner 17, and are output via lens 18. The even channel sub-beams pass through the 
birefringent elements 4 and 5 for a second time, get recombined by waveplate 31 and beams combiner 32, and are 

15 output via lens 22. 

[0023] In an alternative embodiment, when the polarization of the beams is the same entering both filters 3a and 3b, 
the arrangement of the birefringent plates must be altered. Figure 5 and 6 illustrate this example, wherein the polari- 
zation of the beams remains constant, while the orientations of the wave plates 4b and 5b are different than those of 
wave plates 4a and 5a, respectively. This embodiment is illustrated in Figures 9 and 10, which appear in the side and 
20 top views to be identical to Figures 1 and 2, except for half-wave plate 15 being positioned in the paths of sub-beams 
11o and 12o to ensure that the polarizations of all of the beams entering both stages of the cascaded filter are the 
same. The important difference in the device illustrated Figures 9 and 10, which can be seen in Figs 5 and 6, is the 
different orientations of the crystal axes of the wave plates 4a, 4b, 5a and 5b. 

[0024] In the embodiment presented above, we have assumed that the sub-beams of light 11 and 12 propagate 
25 through the two stacks of wave-plates 3a and 3b in the same order, i.e. first thickness L then second thickness 2L 
However, it is possible to go in the opposite order for H^f) and for H 2 (f), meaning that the first stack is L + 2L, whereas 
the second stack is 2L + L The conditions are then a little bit different 

cos01 \cos02 , .cos03' = - sin01 .cos02.sin03 
30 sin81 ■.sinO^.cosOS' = sin61 .sine2.cos83 

coser.sine^.sinOS' = cos81 .sine2.sin63 
sinei , .cose2 , .sin03' = - cos81 cos02.cos03 

[0025] A set of solutions is, for example: 

35 

0V=-15deg. 
02' = 60 deg. 
03' =-45 deg. 

40 [0026] This particular condition enables the invention to be constructed using a single birefringent stack, through 
which the divided sub-beams are reflected back for a second pass after a 90° rotation, see Figures 11 and 12. 
[0027] With reference to Figures 1 1 and 1 2, as before, the combined beam is launched from fiber 6 along a first path 
through lens 7, walk-off crystal 8 and birefringent elements 4a and 5a to polarization beam splitter 14, wherein it is 
divided into two orthogonally polarized pairs of sub-beams 11o and 12o, and 11e and 12e. In this embodiment, all of 

45 the sub-beams pass through quarter wave plate 44, and are reflected by mirror 45. The polarizations of all of the sub- 
beams is rotated by 90° during two passes through the quarter wave plate 44, whereby one pair of sub-beams 12o 
and 11o get directed straight back through polarization beam splitter 14 for the second pass through filter 3a along a 
second path, while the other pair of sub-beams 12e and 11 e get walked off even further by polarization beam splitter 
14 and directed through filter 3a along a third path. Prismatic walk-off crystals 46 and 47 are used to direct the pairs 

so of sub-beams to their respective combining crystals 1 1 7 and 21 7, respectively, for output via lenses 1 8 and 22, respec- 
tively. 

[0028] Any optical filter having any desired intensity profile and having no chromatic dispersion can be made using 
this technique. 

[0029] Indeed, if \Hj{f)\ is the desired intensity response, one has to generate H^f) such that: 

55 
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[0030] This is easy in the case of finite impulse response filter using standard filter generation techniques (Fourier 
synthesis, for example). H 2 (f) is then determined, satisfying the principles of the present invention, to yield the desired 
result for the cascaded filter Ha(f).Hi(f) =H T {f) (dispersion free and \Hj{f)\ intensity response). 
[0031] To physically construct H^f) and H 2 (f) is done by proper choice of coupling ratios and arm lengths (in the 
case of waveguide lattice filter) or of waveplate orientations and thicknesses (in the case of birefringent Sole filter). 
[0032] With reference to Figure 13, the present invention is exemplified by a pair of cascaded lattice (or Fourier 
transform-based) optical filters 51 and 52. The first filter 51 includes a first waveguide 53, a second waveguide 54, and 
three couplers 56, 57 and 50a. The first waveguide includes a first delay line 59 between the first and second couplers 
56 and 57, and a second delay line 61 between the second and third couplers 57 and 58a. The first delay line 59 is 
AL longer than the distance L between couplers 56 and 57 on the second waveguide 54. Similarly, the second delay 
line 61 is 2AL longer than the distance L between couplers 57 and 58 on the second waveguide. Optical fibers and 
planar waveguides are examples of the different kinds of waveguides that can be used. 

[0033] The second filter 52 includes a third waveguide 62 extending from the first waveguide, a fourth waveguide 
63 extending from the second waveguide, and three couplers 58b, 64 and 65. The fourth waveguide includes a third 
delay line 67 between couplers 58b and 64, iderrtica! to the first delay Sine 53, and a fourth delay iine 68 between 
couplers 64 and 65, identical to the second delay line 61 . 

[0034] In a conventional Mach-Zender interferometer each coupler has a coupling ratio of 50:50, which would be 
dispersion free; however according to the present invention the coupling ratios for the various couplers can have almost 
any value dependent upon the requirements for the output; however, the coupling ratios of the first and fourth couplers 
56 and 58b should be substantially the same, while the coupling ratios of the second and fifth couplers 57 and 64, 
should also be substantially the same. The coupling ratios of the third coupler 58a and the sixth coupler 65 should also 
be substantially the same. Accordingly, the second optical filter 52 is the inverse of the first optical filer 51 . This ar- 
rangement results in a symmetric pulse response and, therefore, a dispersion free response. An example of the sym- 
metric pulse response is illustrated in Table 1 below. Using the filter described above, we assume that a single pulse 
is input into the first filter and that the output of the first filter is four equidistant pulses having an amplitude ratio of 3: 
4:2:1 . If the second filter is the inverse of the first filter, i.e. has an output with an amplitude ratio of 1 :2:4:3, then the 
overall system will have seven pulses with a symmetric amplitude ratio of 3:1052:30:22:10:3. 

TABLE 1 





Time 


1 


2 


3 


4 


5 


6 


7 


Amplitude Ratio 


3 


1 


2 


4 


3 
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1 
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3 
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1 
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3 
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10 


22 


30 


22 


10 


3 



[0035] It is possible to expand both the first and second filters 51 and 52 to include other delay lines, such as in 
Figures 1 4 and 1 5. The first filter 51 , in Figure 1 4, includes another coupler 71 and an additional delay line 72 of length 
L+2AL Accordingly, the second filter 52 has another coupler 73, and an inverted delay line 74 of length L+2AL corre- 
sponding to delay line 72. In this case couplers 56 and 58b would have the same coupling ratio, couplers 57 and 64 
would have the same coupling ratio, couplers 71 and 65 would have the same coupling ratio, and couplers 58a and 
73 would have the same coupling ratio. In Figure 15, the first filter 51 has an additional delay line 76 of length L+4AL, 
while the second filter 52 has a corresponding inverted delay line 77. A single coupler 58 can be used instead of the 
third and fourth couplers 58a and 58b (See Figure 1 5). If the first and second filters only have two delay lines each, e. 
g. AL and 2AL, the first, the third and the sixth couplers 56, 58, 65 would ail have the same coupling ratio. However, if 
the first and second filters have more than two delay lines each, then the single coupler 58 will have no effect on the 
relationship between the first six couplers. In this case the last coupler of the first filter will be the initial coupler, i.e. the 
fourth coupler, of the second filter. 

[0036] This technique enables the realization of optical filters of any arbitrary intensity response, while keeping a 
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10 



25 



linear phase response. In som practical embodiments of those fitters, ther can still be a little bit of mat rial induced 
chromatic dispersion left, but it is usually completely negligibl compared to the on created by the non-linear phas 
respons of filters by at least two orders fmagnitud . Therefore, the chromatic dispersion of the filt rs generated by 
this technique is not strictly speaking zero, but very small (limited to that caused by the material dispersion its If). 



Claims 

1 . A cascaded optical filter defined by transfer function B^f) comprising: 



a first optical filtering means defined by transfer function of H^f); and 

a second optical filtering means, optically coupled to the first optical filtering means, defined by transfer function 

wherein the transfer function of the second optical filtering means H 2 (f) is the conjugate of the transfer function 
15 of the first optical filtering means IV(f); 

whereby H T <f)=H 1 (f) x H 2 (f) - H^f) x H^f)*. 

2. The cascaded optical filter according to daim 1 , wherein the transfer function of the second optical filtering means 
H2(f) is the product of the complex conjugate of the transfer function of the first optical filtering means H 1 *(f) and 

20 the transfer function of a third dispersion free optical filter G(f); 

whereby Hrff^ff) x H^f) = ^(f) x H^f)* x G(f). 

3. The cascaded optical filter according to claim 2, wherein 



H l( f) = (ao + «, J* ♦ a^e 2 "" + c^e 3 "" * ... + a n .e«>\ 



and 



30 



H 2 (f) = (a n + a fr1 .e lf,i + 



. + a 1 .e<^- , + a 0 .e^- , ) : 



wherein ao ton relate to physical parameters selected from the group consisting of coupling ratios in lattice filters, 
and wave-plate orientations in birefringent filters; and wherein p relates to a length difference in a lattice filter or 
35 retardation in birefringent filters 

4. The cascaded optical filter according to claim 1 , wherein the first optical f ilteri ng means comprises a first birefringent 
element with a thickness L, and a second birefringent element with a thickness of at least L; wherein the second 
optical filtering means comprises a third birefringent element with a thickness L, and a fourth birefringent element 

40 with a thickness of at least L 

5. The cascaded optical filter according to claim 4, further comprising: polarization beam splitting means for dividing 
the input beam of light into two orthogonally polarized sub-beams after exiting the first optical filtering means; and 
polarization rotating means for rotating the polarization of at least one of the sub-beams by 90° after exiting the 

45 first optical filtering means and before entering the second optical filtering means to ensure both sub-beams enter 

the second optical filtering means with polarizations orthogonal to the input beam of light entering the first optical 
filtering means; wherein the crystal axes of the first and second birefringent elements are substantially the same 
as the crystal axes of the third and fourth birefringent elements, respectively; 

so 6. The cascaded optical filter according to claim 4, further comprising: polarization beam splitting means for dividing 
the input beam of light into two orthogonally polarized sub-beams after passing through the first optical filtering 
means; and polarization rotating means for rotating the polarization of at least one of the sub-beams by 90° after 
exiting the first optical filtering means and before entering the second optical filtering means, whereby the polari- 
zation of the input beam of light is the same upon entering both the first and second optical filtering means; and 

55 wherein the crystal axes of the first and second birefringent elements are oriented differently than the crystal axes 

of the third and fourth birefringent elements, respectively. 

7. The cascaded optical filter according to claim 1 , wherein the first and second optical filtering means include bire- 
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f ringent lements; and wh rein the cascaded optical filter further comprises: polarization beam splitting means for 
dividing th input beam of light into two orthogonally polarized sub-beams after passing through th first optical 
filtering means from a first end t a second nd; and polarization rotating means f r adjusting the polarization of 
at least one of the sub-beams after passing through the first optical filtering means to ensure that the polarization 
5 of the sub-beams entering the second optical filtering means is orthogonal to the polarization of the input beam of 

light entering the first optical filtering means. 

8. The cascaded optical filter according to claim 7, wherein the first optical filtering means comprises an optical 
channel interleave^ through which the input beam of light passes from the first end to the second end; and wherein 

io the second optical filtering means also comprises the optical channel interieaver, through which the sub-beams 

pass a second time from the first end to the second end. 

9. The cascaded optical filter according to claim 7, wherein the first optical filtering means comprises an optical 
channel interieaver, through which the input beam of light passes from the first end to the second end; and wherein 

15 the second optical filtering means also comprises the optical channel interieaver, through which the sub-beams 

pass a second time from the second end to the first end. 

10. The cascaded optical filter according to claim 1 , wherein thef irst optical filtering means comprises a first birefringent 
element with a thickness L, and a second birefringent element with a thickness 2L; 

20 wherein H,(f)^ ^ (oq + a, .e£ ? + q*8?* r + a 3 .e 2 ? f ); 

in which: p=2jil_An/c, y= 2rcLn ( /c; 

An = n e -n 0 (birefringence along an extraordinary axis of the birefringent elements - birefringence along an 
ordinary axis of the birefringent elements); 
25 Oq = cos81 .cos82.cos83; 

= - sin61 .sin92.cos03; 

02 = - cos91 .sin82.sin93; 

03 = - sinG1 .cos82.sin83; 

01 is an angle between a polarization of an input beam of light and a crystal axis of the first birefringent element; 
30 82 is an angle between that of the first birefringent element and a crystal axis of the second birefringent element; 

and 

93 is an angle between the crystal axis of the second birefringent element and the polarization of the input 
beam of light; 

35 wherein the second optical filtering means comprises a third birefringent element with a thickness L, and a fourth 

birefringent element with a thickness 2L; 
wherein H^f) = (03' + cfe'.e^ + a^eW- 1 + aj.eW*) 

in which: = cos81 , .cose2 , .cosG3'; 
40 a, 1 = - sin81 \sin92\cos93'; 

(X2 = - cos91\sin92' .sinSS 1 ; 
03' = - sin91\cos82^sin83 , ; 

9V is an angle between a crystal axis of the third birefringent element and a polarization of an input beam of 
light; 

45 92' is an angle between a crystal axis of the fourth birefringent element and that of the third birefringent element; 

and 

93' is an angle between a polarization of the input beam of light and the crystal axis of the fourth birefringent 
element; 

50 whereby: a© = cos81 > .cos82 > .cos63 > = 03 = - sin81 .cos92.sin83; 

a,* = - sineV.sinG2'.cos93' = 02 = - cos81 .sin82.sin83; 

02 = - cos81\sin82\sin93 , = a, = - sin81 .sin82.cos83; and 
03' = - siner.cosG^.sinea' = Oq = cos91 .cos92.cos93. 

55 11 . The cascaded optical filter according to claim 8, wherein 81 = 45°, 92 = 60°, 83 = -105°; and wherein 8V = -45°, 
82* = 60°, 83' = -15°. 

12. The cascaded optical filter according to claim 1 , wherein the first and the second optical filtering means are lattice 
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filters having a plurality of couplers; wh rein at least two of the couplers have diff rent coupling ratios. 

13. Th cascaded ptical fitter according to claim 12, wherein the second optical filtering means is th inverse of the 
first optical filtering means. 

5 

14. The cascaded optical filter according to claim 12, wherein the first optical filtering means comprises: 

a first waveguide; 
a second waveguide; and 
w a first, a second and a third coupler; 

wherein the first waveguide includes a first delay line having a first length between the first and second couplers, 
and a second delay line having a second 
length between the second and third couplers; 

is wherein the second optical filtering means comprises: 

a third waveguide extending from the first waveguide; 
a fourth waveguide extending from the second waveguide, 
a fourth, a fifth and a sixth coupler; 
20 wherein the fourth waveguide includes a third delay line having ihe first iengih between the fourth and fifth 

couplers, and a fourth delay line having the second 
length between the fifth and sixth coupler, 

wherein the first length or the second length is a multiple of the other, wherein the first and fourth couplers have 
25 substantially the same coupling ratio; wherein the second and fifth couplers have substantially the same coupling 

ratio; and wherein the third and sixth couplers have substantially the same coupling ratio. 
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